G-quadruplexes have shown great promise as chemotherapeutic targets, probably by inhibiting telomere elongation or downregulating oncogene expression. There have been avalanches of Gquadruplex ligands developed over the years but only a few have drug-like properties.
INTRODUCTION
Both DNA and RNA can form many secondary structures, such as G-quadruplex 1-3 , triplex 4, 5 , imotif 6, 7 , and a biological role for these polymorphs, especially G-quadruplexes [8] [9] [10] , has been suggested. There are ~ 3,760,000 guanine-rich regions in the human genome, which have the potential to form G-quadruplexes 11, 12 , including those at the telomere end 13 and promoter regions of some cancer-related genes 10 . Guanine tracts in RNA are known to form G-quadruplexes in vivo 3, [14] [15] [16] but the formation of G-quadruplexes in chromosomal DNA has been a matter of debate due to the fact that the guanine tracts in chromosomal DNA can also form duplexes with complementary tracts of cytosines. After many years of fierce debate regarding a biological role for DNA G-quadruplexes in vivo, acceptance is now growing that DNA G-quadruplexes might indeed form in vivo and that there could be biological consequences of G-quadruplex formation in chromosomal DNA. Firstly, it has been demonstrated that fluorogenic G-quadruplex-specific ligands could become fluorescent inside cells, especially during cell division, when single stranded regions of chromosomal DNA are created during DNA replication 17, 18 . Secondly, seminal works by the laboratories of Pluckthun 19 and Balasubramanian 20 resulted in the engineering of G-quadruplex-specific antibodies, which have been used to provide compelling evidence that G-quadruplexes form in vivo. Additionally, biophysical approaches (mainly NMR 21, 22 and DEER/ENDOR 23, 24 ) have demonstrated that synthetic G-rich oligonucleotides could form
G-quadruplex structures in vivo.
If G-quadruplex formation in vivo has a biological consequence, then small molecules that target and stabilize these structures could have therapeutic value. In animal chromosomes, the telomerase enzyme (which is up-regulated in certain cancers) is responsible for maintaining the telomere length thereby rendering cancer cells immortal 25, 26 . The telomere is G-rich and has been shown via many biophysical experiments to be capable of forming G-quadruplexes [27] [28] [29] [30] . Many compounds that bind to G-quadruplexes have been shown to inhibit the extension of the DNA substrate by telomerase and some have even shown interesting anti-proliferative properties when added to cancer cells [31] [32] [33] [34] [35] . In addition to telomeres, G-quadruplexes are present in the promoter regions of a number of cancer-related genes such as c-myc 36 , BCL-2 37 , KRAS 38 , c-kit 39 and VEGF 40 , where they are involved in the regulation of transcription of these genes by disrupting binding of transcription factors 41, 42 .
In light of these potential important biological roles of G-quadruplexes, there is high interest in discovering G-quadruplex-selective ligands for both fundamental studies (for example, fluorescent ligands that will allow for studying G-quadruplexes in vivo) and also drug-like molecules that will allow for selective targeting of G-quadruplexes related to cancer 17, 32, 43, 44 and other diseases 45 . In this manuscript, we reveal that DMZ, which has been shown to bind to the minor groove of AT-rich DNA with a micromolar dissociation constant, binds to G-quadruplexes with a nanomolar dissociation constant, i.e. 3 orders of magnitude stronger affinity for Gquadruplexes than AT-rich duplexes. The DMZ scaffold is therefore a good starting point to develop potent G-quadruplex ligands.
MATERIAL AND METHODS

General
4-Aminobenzamidine dihydrochloride, aniline and diminazene aceturate (DMZ or Berenil) were purchased from Aldrich. All triazenes were stored at 4 o C and in dark since significant decomposition of triazenes was observed if stored at room temperature and in presence of light.
Sequences of DNA used in this study are shown in 
Synthesis of Triazene-1 and Triazene-2
Triazene-1: To a cooled (0 o C) and stirred suspension of 4-aminobenzamidine dihydrochloride (1.0 g, 4.80 mmol) in water (6 mL) and concentrated hydrochloric acid (1 mL), a solution of sodium nitrite (0.36 g, 5.28 mmol) in water (1 mL) was added dropwise and the mixture was stirred for 20 minutes. To the resulting diazonium solution, a solution of aniline (0.43 mL, 4.80 mmol) in MeOH (1 mL) was added followed by addition of saturated aqueous sodium acetate (6 mL). After being stirred at 0 o C for 1 h, the resultant yellow solid was filtered off, washed with brine, dried and crystallized with MeOH/acetone (1:2, 20 mL) to afford analytically pure product ( spectrometer equipped with Cryo-Probe. The procedures used in the binding studies were described previously 46 . The ligand concentration was 150 µM, and that of the DNA (c-kit1 or 8bp
AT) was 300 µM. The buffer used was 10 mM potassium phosphate (pH 7.5) containing 137 mM NaCl, 1 mM EDTA, and also contained 10 % D 2 O. The sample was initially heated up to 95 °C for 5 min without the ligand and then cooled down to room temperature in 15 min. Subsequently, the sample was incubated at 4 °C for ~12 h without the ligand (for G-quadruplex formation).
Then, the ligand was added and incubated for 2 h before the NMR measurement (25 °C).
(Note: Because of the high concentrations being used for the NMR, incubating the DNA/ligand for longer periods caused precipitation, probably due to G-quadruplex polymer formation, which is catalyzed by the ligand).
Isothermal titration calorimetry
ITC experiments were performed using a VP-ITC calorimeter (GE-Heathcare). A typical ITC experiment involved the addition of 28 (10 µL) injections of a nominal 1 mM ligand solution into ~ 1.5 mL of a dilute DNA solution (10 µM). All ITC titration experiments were done at 25 ºC.
Corrected titration curves were obtained by subtracting the blank titration data from the ITC-data for the ligand-DNA titrations. The corrected ITC titrations were fit to a multiple independent sites binding model using a nonlinear regression algorithm, CHASM, developed in our laboratory 47 .
Circular Dichroism (CD)
CD titration experiments were performed with an Olis DSM-20 spectropolarimeter (Bogart, GA).
All measurements were done at 25 °C using a 1 cm quartz cuvette and covering a spectral range of 220 -420 nm. All DNA samples were prepared such that they had a nominal absorbance of less than 1.0 at 260 nm. Stock solutions of the ligand were added in small amount to reach a molar ratio of 1:1, 3:1, 6:1, and 10:1 of ligand per equivalence of DNA. 
Electrospray Ionization Mass Spectrometry
ESI-MS experiments
RESULTS AND DISCUSSION
Recently, there has been considerable interest in repurposing drugs for new therapeutic indications 52, 53 . Along this line, others have been interested in repurposing DNA duplex minor groove binders for targeting G-quadruplexes [54] [55] [56] [57] . Compounds that bind minor grooves of DNA duplexes have a track record of clinical efficacy for many indications including animal trypanosomiasis and babesiosis 58 . Because there are numerous toxicological data for these drugs, using them as starting points for the development of G-quadruplex-selective ligands appears to be a reasonable proposition. Curiously, although several duplex minor groove binders have been tested for G-quadruplex binding, DMZ a prototypical AT-rich minor groove binder, which is used clinically to treat animal trypanosomiasis has not been thoroughly investigated for G-quadruplex binding. To date there is only a single report, from our laboratory, that demonstrated that DMZ aggregates the dinucleotide, c-di-GMP, into an ill-defined supramolecular aggregate (probably containing G-quadruplexes) via an uncharacterized mechanism 59 . Importance of amidine moiety in DMZ binding to duplex DNA and G-quadruplexes.
DMZ as a G quadruplex ligand
Analysis of the crystal structure of DMZ/duplex DNA 60 complex (Figure 3 ) revealed that both amidine groups in DMZ make important and extensive contacts with the minor groove residues.
Therefore we reasoned that the modification of one or both of the amidine groups could give an analog that would be incapable of binding to DNA minor groove. However it was unclear if the deletion of the amidine group would also reduce binding to G-quadruplexes. The amidine groups of DMZ make important hydrogen-bonding interactions with both DNA residues and water molecules in the minor groove of DNA (structure is from PDB#2DBE).
We synthesized two DMZ analogs (Triazene-1, which has one of the amidine groups in DMZ deleted and Triazene-2 61 , which does not contain any amidine group, see Figure 3 ). These DMZ analogs were then evaluated on the basis of their affinity for binding to both duplex and Gquadruplex DNA. The synthesis of Triazene-1 and Triazene-2, following precedent 61 , is outlined in Scheme 1. First, the diazonium salts of p-aminobenzamidine and aniline were generated by treating with sodium nitrite followed by their coupling with aniline to give Triazene-1 and Triazene-2 in good yields. Both of the synthesized triazenes were characterized by mass and NMR spectroscopy (see SI for spectral data). revealed that DMZ had a higher affinity to the G-quadruplexes than Triazene-1, the DMZ analog having only one amidine group. The differences in affinity (selectivity) between DMZ and
Triazene-1 for binding to duplex AT minor groove sites vs. G-quadruplex stacking or intercalation interactions were quantified using ITC experiments, vide infra. To further explore the interaction of the DMZ and Triazene-1 ligands with duplex DNA, NMR experiments in which 8bp-AT was incubated with the triazene ligands were performed as described for c-kit1 above. In the case of duplex DNA (8bp AT), only DMZ (but not Triazene-1) showed significant changes in the imino region of spectrum of the duplex DNA (see Figure 5B ). This is consistent with the UV titration data, which showed that Triazene-1 did not bind to ATrich duplex DNA (see Figure 4 and S3).
NMR titration experiments have demonstrated that both DMZ and Triazene-1 bind to the c-kit1
G-quadruplex. However, a definitive identification of the DMZ and Triazene-1 binding sites was not possible with the current NMR data ( Figure 5A ). Future work will be focused on obtaining structural information for G-quadruplex DNA/DMZ (and/or DMZ analog) complexes via X-ray crystallography and/or NMR. Such studies would provide important information that will be used to design next generation triazene analogs that could have higher affinity and selectivity for Gquadruplex DNA.
Initial screening experiments employing UV and NMR titration methods, provided qualitative evidence that DMZ binds to both duplex and G-quadruplex DNA whereas Triazene-1 binds only to G-quadruplex DNA (and not AT rich duplex DNA) albeit with lower affinity than DMZ. We have previously reported on the thermodynamic properties for the binding of several porphyrins and porphyrin derivatives to a variety of oncogene promoter sequence Gquadruplexes 62, 63 . We have repeatedly shown that the cationic porphyrin TMPyP4 binds to a number of G-quadruplexes and forms complexes having a saturation stoichiometry of (n+1) where n is the number of G-tetrads in the G-quadruplex motif. Table 2 . The thermodynamic parameters obtained from the ITC experiments ( Figure S4 and fits Figure 8) reveal that DMZ binds to some G-quadruplex DNAs (for example bcl-2 and c-myc) with dissociation constants as low as ~1 nM. This is of a similar affinity to that exhibited by guanidine phthalocyanines, considered to be one of the tightest binders of G-quadruplexes with 
DMZ binding to G quadruplexes studied by circular dichroism (CD)
To determine the structural effects of the interactions between the DMZ and G-quadruplex DNAs, we performed a series of CD titration experiments in which DMZ was added to different G-quadruplexes. Figures 9 and 10 show the CD spectra for the titration of DMZ into three different G-quadruplexes, bcl-2, c-myc, and hTel22. These CD titrations were performed in K + Tris buffer. Under these experimental buffer conditions (K + salt), the CD spectra for the free WT bcl-2, WT c-myc, and hTel22 G-quadruplexes exhibited characteristic CD spectral features that are similar to those previously reported in the literature [49] [50] [51] 62 . However, upon complexation with DMZ, the CD signals for both 27mer WT bcl-2 and 24mer WT c-myc dramatically attenuated as DMZ is added. A plausible explanation for this is that the inherent G-tetrad π-π stacking interactions in both the 27mer WT bcl-2 and 24mer WT c-myc G-quadruplexes is weakened upon DMZ binding. In comparison to TMyP4, DMZ does not have the extended π-surfaces, which can interact extensively with the π system of the G-tetrad in either an end-stacking or intercalation mode. Perhaps the explanation for the surprisingly tight binding to specific G-quadruplexes is that DMZ is binding in the G-quadruplex groove or interacting in some way with loop bases. In the case of DMZ binding to K + hTel22, the addition of the DMZ appears to have very little effect on the parallel structure of hTel22 G-quadruplex, see Figure 10 . In the case of binding DMZ to duplex DNA, an induced DMZ CD signal is observed (see SI, Figure S6 ). However, there was no evidence for an induced ligand CD signal when DMZ was bound to the different G-quadruplexes.
This lack of an induced CD is suggestive of end stacking or intercalative binding but not groove binding 73 . A more detailed structural study of the DMZ G-quadruplex complexes could clarify these observations and help in the development of even more potent DMZ-based G-quadruplex binders. 
CONCLUSION
The finding that DMZ binds tightly to G-quadruplexes DNA is exciting for the following reasons: a) DMZ does not readily form π-aggregates 74 and hence it is not as prone to non-specific binding to other biomolecules as other aromatic-containing G-quadruplex ligands; b) the amidine groups on DMZ , improve aqueous solubility(an important factor for drugs); c) Unlike other structurally complex minor groove binders such as netropsin, DMZ has a simple structure and could be readily diversified and synthesized cheaply on a large scale and d) the amidine group, which is protonated at physiological pH, would facilitate drug permeation across lipid membranes that are externally decorated with anionic phosphates.
This work suggests that some of the toxicity or even the clinical benefits of DMZ may be due to its binding to G-quadruplexes, which has so far been overlooked. It is ironic that a ligand such as DMZ, which has long been considered as AT-rich specific minor groove binder does in fact strongly bind to G-quadruplexes. Future work will concentrate on making structural variants of DMZ that will include expanded aromatic systems and increased amidine groups for specific and potent G-quadruplex targeting. New classes of G-quadruplex ligands, which have low affinity for duplex DNA, are predicted to have potential applications in cancer therapy [75] [76] [77] .
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